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We studied the impacts of deposition substrate and temperature on the growth and wet etching behavior of AIN
piezoelectric thin films. Using Mo substrate as well as optimizing temperature (450 °C), AIN films with high
crystalline quality (FWHM =0.9°) and excellent piezoelectric property (ds33=6.3pm/V) were achieved by
magnetron sputtering. Experiment results suggest that, the substrate predominantly determines the grain size
and the formation of columnar structure during the initial growth stage, while the temperature mainly affects the

final grain morphology. The better crystalline quality of AIN, the higher its piezoelectricity. Besides, by using
TMAH solution for the wet etching of AIN films with different growth condition, it was found that the columnar
grain structure is related to the chemical stability of the {10-1-2} planes, which influences the etching
morphology. The etching rate shows a trend from fast to slow, and the initial rate is positively correlated with the

grain size.

Nowadays, the CMOS process based on Si materials is becoming
increasingly important in the manufacturing of integrated circuits [1,2].
Due to its excellent property especially the piezoelectricity and the
compatibility with CMOS processes [3-5], aluminum nitride (AIN) thin
films are widely used in acoustic devices [6-9] such as Bulk Acoustic
Wave (BAW) and Surface Acoustic Wave (SAW) resonators. The AIN
(002) crystal plane, also known as the c-axis orientation, plays a sig-
nificant role in evaluating the piezoelectric property, and particularly in
FBAR devices. FBAR devices fabricated by AIN with high (002) orien-
tation exhibits larger effective coupling coefficient and Q factor. [7,8].
At present, commercialized large-sized AN films are usually obtained by
magnetron sputtering on Si substrate. However, the significant differ-
ences in lattice and thermal expansion coefficients between AIN and Si
[10-12] lead to numerous defects and forming a high density of grain
boundaries in AIN film epitaxially grown on Si [13], which limits its
application potential in the semiconductor field. Molybdenum (Mo) has
a lattice constant close to that of AIN [14,15], making it a suitable
substrate for AIN epitaxy to ameliorate the mismatch. With the
improvement of an AlN-interlayer, high-quality Mo film can be prepared
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based on Si substrate, thereby enabling the deposition of high-quality
AIN piezoelectric thin films [16,17]. In addition to the substrate, the
growth conditions of magnetron sputtering also affects the deposition of
AIN piezoelectric thin film, especially temperature [18,19]. The growth
temperature affects the kinetic energy of sputtered particles, thereby
influencing the growth quality of AIN film [20]. In addition, since the
growth substrate and temperature determine the quality of AIN piezo-
electric thin film, they will also affect its wet etching characteristics. Wet
etching typically uses acid and alkali solutions to react with AIN, such as
potassium hydroxide (KOH), tetramethylammonium hydroxide
(TMAH), and phosphoric acid (H3PO4) [21-23]. Typically, sputtering
will result in the formation of N-polar AIN [24]. During wet etching of
N-polar AIN, the presence of chemically stable crystallographic planes
causes the etching solution to preferentially etch other planes [25-27],
including the film surface defined by the (0001) plane. Ultimately, an
etching morphology is defined by the planes that exhibit the slowest
etching rate. Single-crystal AIN typically forms hexagonal pyramids
defined by the {10-1-1} family of planes [28], while polycrystalline AIN
forms round cones defined by the {10-1-2} family of planes [29,30].
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Table 1
Growth parameters of AIN films of samples.
Sample name S1 S2 S3 sS4
Growth Si Si Si (100)/AIN- Si (100)/AIN-
substrate (100) (100) interlayer/Mo interlayer/Mo
Growth 450°C 650°C 450°C 650°C
temperature

However, the evolution of specific etching morphology and rate is rather
complicated during etching stage, which hinders our understanding of
wet etching mechanism of AIN film. Therefore, it is important to explore
the effects of substrates and temperature on the growth and etching
mechanism for high-quality AIN piezoelectric thin films, which could
potentially contribute to processing of practical device application.

In this study, we investigated the growth behavior of AIN thin films
under different conditions by varying the growth substrates (Si, Mo) and
adjusting the growth temperatures (450°C, 650°C). These strategies
have significantly enhanced our understanding of the AIN growth
mechanism, enabling us to successfully deposit AIN films with high
crystalline quality and superior piezoelectric property. Furthermore, the
etching of AIN thin films that prepared under various substrate and
temperature, was investigated at room temperature by using TMAH
solution, uncovering the etching process and its underlying mechanisms.

As summarized in Table 1, 1-um AIN thin films were deposited on 8-
inch Si and Si/AlN-interlayer/Mo substrates by pulsed DC magnetron
sputtering system at 450°C and 650 °C, respectively. Other deposition
conditions are the same. Thus, the samples S1-S4 were obtained and
defined. The high-quality crystalline Mo thin film was successfully
deposited by using an AlN-interlayer. More detailed experimental pa-
rameters can be found in reference [16].

To better observe the etching process of AIN and explore the wet
etching mechanism, a TMAH solution with a concentration of 2.38 %
was used as the etching liquid to etch four samples at room temperature,
enabling a slower and more controlled etching of AIN. To measure the
etching rate, the AIN thin films were patterned by photoresist. The
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samples were etched for different durations to record the changes in
thickness, thereby understanding the reaction process between AIN and
the etching solution. In the wet etching process, the following chemical
reactions typically occur [22]:

Al,05+2NH;3 (€8]

N(CHs); OH™
2A1N+3H207(C 3)40
—

N(CH;); OH~

ScAIN + 3H,0 Al(OH),+NH; (2

—

The morphology and roughness were characterized by Scanning
Electron Microscopy (SEM, SUPRA55 SAPPHIRE, Zeiss) and Atomic
Force Microscopy (AFM, Dimension FastScan, Bruker Nano Inc.). The
crystal orientation and its rocking curve were measured by X-ray
diffraction (XRD, X Pert PRO, PANalytical). The surface polarity distri-
bution of AIN was tested by Piezoresponse Force Microscopy (PFM,
Cypher S, Asylum Research). The etching thickness of films was ob-
tained by step profiler (Dektak XT-A, Bruker).

To elucidate the piezoelectricity, the polarity distribution on the
surface of AIN thin films were measured by PFM. As shown in Fig. 1(c-f),
the PFM phase images show that all samples have mixed polarity, with
yellow representing N-polarity, blue representing Al-polarity, and green
representing non-polar. The predominant nonpolar part in S1 account
for its minimal d33. Among the remaining three samples, N-polarity is
dominant, with a proportion of S3 > S2 > S1, which corresponds to the
measured piezoelectric coefficient dss.

To further investigated the differences in FWHM and d33 for four
samples, the morphologies of different samples are measured by SEM, as
shown in Fig. 2. AIN films grown at 450°C (S1, S3) has distinct columnar
crystals with a surface covered in spherical grains; AIN grown at 650°C
(S2, S4) does not show clear columnar crystals and has a flaky grain
surface. In contrast to S4, S2 presents a columnar crystal structure in the
early stages of growth. Overall, the grain size of AIN grown on Mo is
larger than that of AIN grown on Si.

The differences of morphology for four samples can be explained as
follows: for S1, due to the high lattice mismatch of 42.7 % between Si
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Fig. 1. (a) The XRD 20 scan results and (b) the FWHM of XRD rocking curves and the piezoelectric coefficient ds3 of different samples; the PFM phase images of

different samples: (c) S1; (d) S2; (e) S3; (f) S4.
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Fig. 2. SEM images of top view and cross-sectional view of different samples: (a)(b) S1; (c)(d) S2; (e)(f) S3; (g)(h) S4.

(100) and AIN (002) (the lattice mismatch calculated method is from Ref
[14]), there are a large number of defects in AIN thin film after nucle-
ation, forming a high-density grain boundary. During the growth pro-
cess, the grains gradually merge and improve, forming a columnar
structure. In S2, two structures (defined as Region A and B) were formed
during the growth, as shown in Fig. 2(d). In Region A, Si still exerts a
constraining influence on the growth of AIN in the initial stages, per-
sisting the fine columnar crystal structure observed in S2. In the later
stages, high growth temperature facilitates the coalescence and expan-
sion of AIN grains, resulting in the increase of grain size and improved
crystallographic quality in Region B. This also leads to the disappear-
ance of columnar crystals and the appearance of flaky grains on the
surface. As for S3, the lattice mismatch between Mo (110) and AIN (002)
is only 1.2 %, which significantly reduces the lattice mismatch and
consequently diminishes the defects such as grain boundaries. This leads
to an increase in grain size and the improvement in the crystalline
quality of AIN in S3. As shown in Fig. 2(e), the AIN grains exhibit a
tendency to aggregate, indicating an enhancement in preferred orien-
tation. For S4, compared with S2, the lattice mismatch between AIN and
substrate is diminished, and there is no columnar crystal stage caused by

substrate limitation in the early growth stage. In contrast to S3, the close
lattice constant of AIN and Mo means that increasing the temperature
has a minimal effect on improving the lattice mismatch between the two
materials. The growth temperature primarily affects the kinetic energy
of the sputtered particles. At 650 °C, the increased kinetic energy pro-
motes grain growth and coalescence, but excessive kinetic energy may
damage the film surface, leading to a deterioration in crystalline quality
[31]. In summary, it can be concluded that the substrate primarily in-
fluences the grain size and columnar structure during the initial growth
stage, while the growth temperature predominantly has a significant
impact on the ultimate morphology of the grains.

The etching behavior of AIN thin films grown under different sub-
strates and temperatures were investigated by using TMAH solution. To
better understand the etching morphology, Fig. 3 shows the top view
and 45° tilted view of S1 and S2 etched for 30 mins, and S3 and S4
etched for 10 mins. It can be seen that round cones are formed in S3
(Fig. 3(f)) and rough round cones are formed in S1 (Fig. 3(b)) and S4
(Fig. 3(h)), while a strip-like structure is formed in S2 (Fig. 3(d)).

The following gives a specific analysis of the etching process and
mechanism of each sample: as shown in Fig. 4(a) (cross-sectional SEM of
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Fig. 3. SEM images of top view and 45° tilted view of different samples after etching: (a)(b) S1; (c)(d) S2; (e)(f) S3; (g)(h) S4.

S3), the surface of round cones in S3 corresponding to the {10-1-2}
planes of polycrystalline AIN thin films is smooth [29,30], indicating the
formation of chemically stable {10-1-2} planes. The etching solution
initially etches the surface of the thin film and then proceeds to etch the
grain boundaries of the columnar crystals. When etching the {10-1-2}
planes, the rate of etching significantly decreases due to its enhanced
chemical stability compared to other crystal planes, ultimately resulting
in a conical surface morphology. S1 develops a conical structure with
etching wrinkle structure after etching. This texture suggests a lower
chemical stability of the {10-1-2} planes compared to S3, due to the
lattice mismatch between Si and AIN. Both S1 and S3 have a columnar
crystal structure, indicating that this structure is beneficial for the for-
mation of a more stable set of {10-1-2} crystallographic planes. The
relationship between the columnar structure and the planes is shown in
Fig. 4(b).

The lateral grain boundary distribution in S4 shown in Fig. 2(h) is
notably irregular and lacks the columnar structure, hindering the for-
mation of stable {10-1-2} planes. Therefore, the morphology after
etching (Fig. 3(h)) is conical, although the surface of cones is rough due

to a large number of cracks and holes. For S2, as mentioned previously,
two structures were formed during the growth as shown in Fig. 2(d),
which results in two stages of the etching process as shown in Fig. 4(c-f).
When etching Region B without columnar structure, there is no forma-
tion of round cones but instead of a strip-like structure, indicating the
absence of {10-1-2} planes. The growth of grains in the late stage led to
the emergence of other planes in Region B. Consequently, as shown in
Fig. 4(c), the N-polar AIN is selectively etched away and becomes de-
pressions, while the Al-polarity is preserved and manifests as protrusions
[25,32]. When etching Region A with columnar structure, the cones is
formed as shown in Fig. 4(e). This further suggests that the columnar
structure facilitates the stabilization of the {10-1-2} planes, leading to
an etching cone structure. This is consistent with what we previously
discussed about S1 and S3.

The etching rate and etching thickness as a function of etching time
are shown in Fig. 5. It can be seen that the etching rate of S1, S3, and S4
decrease continuously with the increase of etching time. This is because
their etching morphology has a conical structure. Before the conical
surface defined by the {10-1-2} planes are fully exposed, the part that
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Fig. 4. (a) cross-sectional SEM image and (b) its corresponding schematic of S3 etching for 10min. Cross-sectional SEM images and their corresponding schematics of

S2 under different etching time: (c) (d)10 min; (e) (f)40min.

react with the etching solution is relatively more susceptible to etch,
resulting in a faster rate; when the solution reaches the planes, a conical
structure is formed due to its chemical stability so the etching rate
decreases.

The initial etching rate is shown as: S4 > S3 > S1. This phenomenon
corresponds to the grain size on the surface of the AIN thin films. Take S1
for instance, its relatively small grain size leads to the formation of
smaller cones during etching, so there is also less etching part before
etching to the {10-1-2} planes. Therefore, S1 has a smaller initial
etching rate compared to S3 and S4. S4 has the highest initial etching
rate due to its largest grain size and poor stability of the planes. For S2,
its two etching stages are also reflected in its etching rate. The first stage
(0-30 min) forms a strip-like morphology with fluctuating but insig-
nificantly changing etching rates. After 30 mins of etching, the columnar
crystals formed during the initial growth exhibits a conical structure,
and the etching rate gradually decreased like the other three samples.

In summary, the effects of substrate and temperature on the growth
and wet etching characteristics of AIN piezoelectric thin films have been
thoroughly investigated. The substrate primarily influences the grain
size and columnar structure during the initial growth stage and the
temperature mainly affects the final morphology of the grains. The
crystalline quality of AIN has a significant impact on its piezoelectric

performance: the better the crystalline quality, the higher the piezo-
electric coefficient dss. The mixed polarity distributed on the surface of
AIN correlate with the ds3 and the etching morphology. The columnar
grain structure is related to the chemical stability of the {10-1-2}
planes, and the stability can affect the integrity of the conical
morphology after etching. The etching rate initially increases rapidly
due to the susceptible etching planes and then decelerates as the more
resistant {10-1-2} planes are exposed. The initial etching rate is posi-
tively correlated with the grain size. This work is of significant impor-
tance for AIN thin films with high quality and high piezoelectricity for
their further applications.
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Fig. 5. Etching rate and etching thickness (the inset) as a function of etching
time for different samples.
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